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12 Abstract: Fluid dynamics in the anodic chamber of a microbial fuel cell (MFC) is a key 
13 factor affecting the distribution of substrates and the efficiency of mass transport. 
14 However, the effect of hydrodynamics on MFC based biosensor (MFC-Biosensor) 
15 sensitivity has not been established. In this study, the three-dimension anode flow field 
16 of a two chamber MFC was visualized, and anodic configuration optimized by a 
17 reasonable serpentine flow field and inlet/outlet settings. Through optimization, the 
18 proportion of the dead zone in the anodic configuration decreased by 14.1%, and the 
19 velocity at the anode surface increased by 334.6% with better homogeneity of 
20 distribution. Moreover, electricity production and sensitivity for the detection 
21 biotoxicity at MFC-Biosensors improved by 23.1% and 46.1-52.3%, respectively. 
22 Biofilm viability analysis further proved that the enhanced surface velocity was of 
23 benefit for the permeation of toxicants into anodic biofilms, thus improving the sensor 
24 performance.
25 Keywords: microbial fuel cell; biosensor; fluid field; hydrodynamic characteristic; 
26 biofilm viability.
27 1. Introduction
28 A Microbial fuel cell (MFC) is a device which can convert chemical energy in 
29 organic matter into electricity by catalysis of electricigens [1]. This novel 
30 bioelectrochemical technology, makes it feasible to achieve improvement of wastewater 
31 treatment efficiency and recovery of energy simultaneously, and is considered a 
32 promising solution to address the problems of excessive energy consumption and the 
33 wastage of resource during sewage treatment [2, 3]. However, relatively high 
34 manufacturing costs and poor electricity generation performance are the main bottlenecks 
35 restricting the application of MFC technology in real world wastewater treatment. 
36 Alternatively, MFCs can be employed to serve as biosensors for water quality monitoring, 
37 regardless of the power production insufficiency. Previous studies have confirmed the 
38 feasibility of using MFCs to assess biological oxygen demand [4, 5], nitrate [6], pathogen 
39 [7], biotoxicity [8-11] in water. Amongst these water quality parameters, the on site and 
40 on line biotoxicity monitoring by an MFC based biosensor (MFC-Biosensor) has attracted 
41 broad attention, and extensive research has been conducted to improve sensor 
42 performance [12, 13]. Compared with other conventional biosensors, MFC-Biosensors 
43 can achieve faster detection of water quality without additional signal transduction 
44 devices, and thus are expected to be one of the more promising applications of MFCs 
45 [14].
46 Relatively poor sensitivity is a major challenge for the development of MFC-
47 Biosensors [14]. For on line monitoring, the continuous flow of pretreated water 
48 through an anodic chamber is indispensable during the detection process of an MFC-
49 Biosensor. Therefore, the flow pattern of an anodic fluid may be one of the key 
50 parameters affecting sensor sensitivity. Previous studies have reported the effects of 
51 hydrodynamic characteristics on the electrical performance of MFCs and the pollutant 
52 removal efficiency [15, 16]. Through conventional residence time distribution tests (i.e. 
53 tracer tests), the liquid flow characteristics of membrane-less MFCs with two different 
54 anode structures were revealed [17]. It was found that a perforated graphite felt sheet 
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55 instead of a normal graphite felt sheet largely reduced the occurrence of short-circuiting 
56 and thus enhanced the MFC output current. Furthermore, computational fluid dynamics 
57 (CFD) simulation was employed to visualize the flow pattern inside an electrochemical 
58 membrane bioreactor (EMBR) and to investigate the effect of hydraulic retention time 
59 (HRT) on the dead volume of the EMBR [18]. The results acquired by CFD simulation 
60 were in accordance with those of tracer tests, and an optimized HRT setting reduced the 
61 volume of dead zone and further promoted electricity generation [18]. These studies 
62 suggest that appropriate hydrodynamic properties are crucial to improve MFC 
63 electricity generation performance and the underlying mechanisms may be the better 
64 distribution of substrates [19] and the enhancement of mass transport [20]. Therefore, 
65 the hydrodynamic characteristics in an anodic chamber might also affect the water 
66 quality monitoring by an anodic biofilm, thus affecting the sensitivity of an MFC-
67 Biosensor.
68 Only a little published research has reported the effects of hydrodynamic 
69 characteristics on MFC-Biosensor performance. Massaglia et al. compared the sensor 
70 performance of a squared shape and a drop-like shape MFC-Biosensors for the 
71 quantification of organic matter [21]. They found that the drop-like shape one delivered 
72 more rapid response and higher sensitivity due to the larger percentage of effective 
73 exposed area shown by CFD simulation [21]. This result suggests that the effective flow 
74 in an anodic chamber is a possible factor affecting sensor sensitivity. Additionally, 
75 another study investigated the influence of anodic configuration on Cu[II] detection 
76 using MFC-Biosensors. It was observed that the sensitivity for Cu[II] monitoring 
77 increased by ~15–41 times with the adoption of a flow-through electrode instead of a 
78 flow-by one, and the enhanced sensitivity might be attributed to the promoted mass 
79 transport of Cu[II] ions [22], which indicates the important role of anode surface 
80 velocity to sensor performance. Moreover, recent studies have revealed that the velocity 
81 distribution at the anode surface also impact the sensitivity of an MFC-based sodium 
82 acetate sensor [15, 23]. On the other hand, hydrodynamic characteristics largely depend 
83 on the configuration of an anodic chamber [24]. Early studies have proved that a 
84 serpentine flow field can significantly enhance the sewage treatment efficiency of a 
85 bioreactor [15, 25], and different inlet/outlet settings also have obvious effects on MFC 
86 electricity performance [20]. Nevertheless, each previous study only considered the 
87 effect of a single characteristic on MFC performance. Complex impacts of these 
88 hydrodynamic parameters on MFC performance and sensor sensitivity have not be 
89 investigated and revealed. 
90 In the majority of published literatures, the visualization of the flow patterns inside 
91 MFC anodic chambers was acquired by two-dimension (2-D) CFD simulation and the 
92 permeability of anode was neglected, which resulted in a rough estimation of the 
93 velocities at the anode surfaces. To address these limitations, three-dimension (3-D) 
94 CFD simulation was employed in this study, and dead zone percentages as well as 
95 surface velocities were quantified more accurately. Then, orthogonal tests were 
96 conducted to investigate the effects of a serpentine flow field and inlet/outlet positions 
97 on anode hydrodynamics. Additionally, MFC-Biosensors with an original configuration 
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98 and an optimal configuration were constructed respectively to compare the sensor 
99 sensitivity for acute toxic shocks. The underlying biological mechanism was finally 

100 investigated by the combination of biofilm viability analysis and CFD results. 
101 2. Materials and Methods
102 2.1 Basic equations
103 Reynolds number (Re) is defined as the ratio between inertial force and viscous 
104 force into a fluid [26]. Here Re was used to differentiate between a laminar flow and a 
105 turbulent flow, and Re can be calculated according to Eq. (1):
106                            (1)Re = ρvd/μ
107 where ρ is the fluid density (kg·m-3), v is the fluid velocity (m·s-1), d is the characteristic 
108 fluidic length (m), and μ is the viscosity of a fluid (kg·m-1·s-1). For a fluid with a non-
109 circular cross-section, d equals to hydraulic diameter and is defined as Eq. (2):
110                             (2)d = 4A/p
111 where A is the cross-sectional area (m2), and p is the wetted perimeter (m). Similar to 
112 the previous literatures [20, 21], the density and viscosity of anolyte was assumed to be 
113 those of liquid water. Considering that the inlet flow rate of anolyte was only 3 mL/min 
114 in this study, the estimated value of Re was less than 100. Thus, the anodic fluid was 
115 considered as a laminar flow.
116 The fluid field inside the anodic chamber was divided into two regions. One was 
117 the region where the anode (carbon cloth in this study) located and was denoted as the 
118 porous domain due to the porous structure of the carbon cloth. The other region covered 
119 the rest part of the anodic interior and was denoted as the non-porous domain. For the 
120 nonporous domain, the Navier-Stokes equation, which describes the momentum 
121 conservation of a viscous fluid, was used to model the motion of anolyte and is defined 
122 as follows: 
123                  (3)ρ(v ∙ ∇v) = ―∇P + ρg + μ∇2v
124 where v is the velocity (m·s-1), P is the pressure (N), and g is the gravitational 
125 acceleration (m·s-2). 
126 For the porous domain, the effect of a porous medium on a viscous Newtonian 
127 fluid flow depends on the porosity and permeability of the medium, which can be 
128 described by the Navier-Stokes-Brinkman formulation [27]: 

129                 (4)ρ
v ∙ ∇v

ε2 = ―∇P + ρg +
μ∇2v

ε ―
μv
k

130 where  and 1/k are the porosity and the viscous resistance coefficient (m-2) of a porous 
131 medium, respectively.
132 The continuity of a steady and incompressible flow in an anodic chamber can be 
133 described as Eq. (5):
134                                 (5)∇ ∙ v = 0
135 2.2 3-D CFD simulation of anodic fluid field
136 A dual-chamber MFC with an additional reference electrode was designed based 
137 on our previous study [28], and it was denoted as the original MFC. Both the anodic and 
138 cathodic chambers had a cubic structure and a cylindrical interior. The radii of the 
139 interiors were both 15 mm, and the depths were 25 mm and 50 mm for the interiors of 
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140 anodic and cathodic chambers, respectively. The working volume of the anodic 
141 chamber was 20 mL while it was 40 mL for the cathodic chamber. A proton exchange 
142 membrane (Nafion 117, DuPont Co., Ltd, USA) was used to prevent short-circuit. A 20 
143 mm × 20 mm × 0.32 mm piece of carbon cloth (HCP330, Hesen Electric Co., Ltd, 
144 China) was placed in the center of the anodic chamber as anode. Two 20 mm × 20 mm 
145 × 0.1 mm pieces of 0.5 mg·cm-2 Pt-loaded carbon paper (HCP120, Hesen Electric Co., 
146 Ltd, China) were inserted in the cathodic chamber to support cathodic oxygen reduction 
147 reaction. An additional Ag/AgCl reference electrode was used to operate the MFC 
148 under a constant anode potential mode during biosensor tests [29]. The inlet and outlet 
149 of the anodic chamber were located at the center of its bottom and top with the same 
150 inner diameter of 6 mm.
151 Considering that the anode flow field of the original MFC was symmetrical, a 
152 symmetry plane was set and only a half of the flow field was constructed for CFD 
153 simulation. The CFD simulation was performed with following steps. Firstly, the 3-D 
154 geometric model of the half flow field was constructed using AutoCAD 2016 (Autodesk 
155 Inc., USA) and was imported into Design Modeler (Ansys Inc., USA) to define its inlet, 
156 outlet and symmetry plane. Then, the computational grids of the model were generated 
157 using Mesh module (Ansys Inc., USA), and the independency of the grids was checked. 
158 After that, the grids were imported into Fluent (Ansys Inc., USA) to simulate the anodic 
159 fluid flow. As mentioned above, the nonporous domain was regarded as liquid water 
160 while the porous domain was simulated with a porous media model. The porosity of the 
161 model was set as 0.755 based on the mercury intrusion test result of the carbon cloth 
162 (data not shown) [30]. The viscous resistance coefficient was calculated according to a 
163 previous report [31] and was set as 1.1437E+11 m-2. The inertial resistance coefficient 
164 of the porous medium was set as 0 m-1 [18]. Moreover, a pressure-based solver and a 
165 laminar flow model were used, respectively, due to the incompressible and laminar 
166 properties of the anodic fluid flow [32]. As for boundary conditions, the inlet was 
167 applied to a mass-flow-inlet condition while the outlet was applied to a free outflow 
168 condition. The detailed parameters used in the CFD simulation are shown in 
169 supplementary materials, and the simulation results and flow visualization were 
170 obtained using CFD-post (Ansys Inc., USA).
171 2.3 Optimization of MFC configuration 
172 Inlet/outlet locations, serpentine flow fields and their interaction are considered to 
173 be the main factors affecting the anodic fluid field. Therefore, a four-factor, three-level 
174 orthogonal experiment was designed to determine the optimal combination of 
175 inlet/outlet locations and baffle settings. The four factors, including the distance from 
176 the inlet to one edge (La, equals to the distance from the outlet to the other edge), the 
177 baffle lengths (Le), the baffle gradient (Gr) and the distance from the baffle to the anode 
178 (Lb), are shown in Schematic 1, and each factor has three levels. Considering the 
179 possible interaction between La and Le, a total of eighteen geometric models were tested 
180 according to orthogonal design. Then, the hydrodynamic characteristics of each model, 
181 including the percentage of the dead zone inside the anodic flow field (dp), the average 
182 value (wmin) and the variable coefficient (vc) of the velocity at the anode surface, were 
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183 obtained and were weighted to provide a comparison among the models. Finally, range 
184 analysis was used to determine the optimal configuration.

185
186 Schematic 1 Schematic of the optimization strategy (a) and the optimized factors (b).
187 2.4 MFC construction and start up
188 According to the results of the orthogonal test, two MFCs with the optimal 
189 configuration (denoted as the optimal MFCs) as well as two original MFCs were 
190 constructed to investigate the effect of anodic configuration on MFC performance. After 
191 fabrication, all the MFCs except for the Ag/AgCl electrodes were autoclaved. The 
192 Ag/AgCl electrodes were soaked overnight in 75% alcohol and sterilized with 
193 ultraviolet radiation [33]. Then all the MFCs were inoculated with Shewanella loihica 
194 PV-4 (ATCC®BAA-1088™, ATCC, USA) at the same inoculation ratio (30% v/v) and 
195 then filled with sterile anolyte in a laminar flow cabinet (SW-CJ-1F, Airtech, China). 
196 The anolyte contained 10 mM sodium lactate as carbon source and was operated with 
197 self-circulation at a flow rate of 3 mL/min to shorten start-up process [34]. The detailed 
198 compositions of anolyte and catholyte have been described in our previous study [28]. 
199 During the start-up process, the anode and cathode were connected with an external 
200 resistor of 680 Ω. The MFC voltages were continuously monitored with a data 
201 acquisition system (USB-1608FS, Measurement Computing Corporation, USA) and the 
202 anolyte was regularly refreshed when the voltages decreased to 20 mV.
203 2.5 Biosensor tests
204 After being started up successfully, all the MFCs were fed with a continuous flow 
205 of anolyte during the biosensor test process. The flow rate remained the same while the 
206 concentration of sodium lactate was adjusted to 1 mM to improve sensor sensitivity 
207 [35]. The anolyte was amended with a specific concentration of chlortetracycline 
208 hydrochloride (CTC), avermectin (AVM) or mercury ion (as mercury sulfate, Hg[II]) to 
209 simulate different acute toxic shocks. A constant anode potential (0 mV vs. Ag/AgCl 
210 electrode) mode (CP mode) was used to enhance the sensor sensitivity [22, 29, 36]. 
211 Under this mode, the anode and the Ag/AgCl electrode were respectively connected to 
212 the working electrode and the reference electrode channels of a potentiostat (CHI1030C, 
213 ChenHua Inc., China), and the cathode served as a counter electrode. Each biosensor 
214 test included following steps and was conducted in duplicate. Firstly, all the MFCs were 
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215 switched to operate under CP mode. Then, non-toxic anolyte was continuously pumped 
216 into the anodic chambers until the MFCs generated stable currents (fluctuation < 3%). 
217 After that, the influent was switched to toxic anolyte and the toxic exposure lasted for 
218 30 min. Finally, the MFCs were switched to operate with a constant external resistor 
219 (680 Ω) and the influent was switched to non-toxic anolyte to obtain a fast recovery. 
220 The next test was conducted after the complete recovery of the MFCs. Finally, the 
221 inhibition ratios of MFC currents (CR) were calculated.
222 2.6 Biofilm viability analysis
223 After finishing the biosensor tests, all the MFCs got fully recovery and half MFCs 
224 (including one original MFC and one optimal MFC) were used to obtain the biofilm 
225 viability under a normal condition, while the other MFCs were used to investigate the 
226 biofilm viability after 30 min 1 mg/L CTC exposure. The viability of anodic biofilms 
227 was analyzed using a fluorescence staining method [28, 33]. The biofilms were stained 
228 with LIVE/DEAD® BacLightTM Bacterial Viability Kit (7012, Invitrogen, USA), which  
229 includes two dyes (SYTO®9 and PI) and can discriminate living and dead bacteria based 
230 on the integrity of cell membrane. The excitation/emission maxima for SYTO®9 and PI 
231 are 480/500 nm and 490/635 nm, respectively. After staining, the biofilm samples were 
232 observed via a confocal laser scanning microscope (CLSM, TCS SP8, Leica 
233 Microsystems Inc., Germany). During observation, each biofilm was divided into four 
234 regions (regions I-IV). Each region included four observation locations and its biofilm 
235 viability was determined by calculating the mean of the four locations.
236 2.7 Analysis
237 The hydrodynamic characteristics including dp, wmin and vc were obtained using 
238 CFD-post (Ansys Inc., USA) according to Eq. (6)-(8):

239                         (6)dp =
{(x,y,z,)|u < umax ∗ 5%}

∭dxdydz

240                               (7) wmin =
∬wdxdy
∬dxdy

241                          (8)vc =
∬(w ― wmin)2dxdy

∬wdxdy

242 where u is the value of velocity in a flow field (m·s-1), umax is the maximum velocity in 
243 the flow field (m·s-1), w is the value of velocity at the anode surface (m·s-1). To evaluate 
244 the joint effects of the above hydraulic characteristics, a comprehensive hydraulic 
245 characteristic (hc) was proposed and was defined as:
246      (9)hc = 0.4dpnor +0.3 × ( ― wminnor) +0.3vcnor
247 where dpnor, wminnor, vcnor are the standardized dp, wmin and vc, respectively.
248 CR was employed to assess the sensor sensitivity for the detection of biotoxicity. 
249 CR was calculated using Eq. (10):

250                         (10)CR =
In ― It

In
× 100

251 where In and It are the currents of an MFC before and after the toxic shock, respectively. 
252 The viability of the biofilm (VB) was defined as the ratio of alive bacteria in total 
253 biomass and was calculated as:
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254                     (11)VB =
Iv

(Iv + Id) ∗ 100%

255 where Iv and Id are the integrated optical densities of alive and dead bacteria [8].
256 3. Results and Discussion
257 3.1 The anodic fluid field of the original MFC
258 The 3-D geometric model of the half fluid flow in the original MFC is shown in 
259 Fig. 1a. After mesh generation, a total of 289,649 nodes and 1,416,733 elements were 
260 obtained, and the average element size was 1.4E-5 mL (Fig. 1b). Further mesh 
261 refinement did not affect the simulation results, validating the mesh independence in our 
262 study. The flow pattern of the anodic fluid at an inlet flow rate of 3 mL/min (HRT  7 
263 min) is visualized in Fig. 1c-d. The fluid flowed into the anodic chamber with a high 
264 velocity of more than 25 mm/min from the model bottom. As the fluid continued to 
265 flow into the cylindrical interior, a sharp decrease in the velocity was observed, and the 
266 fluid dispersed as a water-drop shape (Fig. 1c). When approaching the electrode, the 
267 pathway of the fluid changed drastically, and an obvious boundary layer was formed 
268 due to the fluid inertial force (Fig. 1c). The main flux rapidly diverged from the 
269 electrode and then converged towards the outlet. Although the carbon cloth was porous, 
270 its poor permeability led to a large flow resistance and extremely low flow velocities 
271 inside the electrode (Fig. 1d) [18]. 
272 Dead zone was defined as the region where the flow velocity was less than 5% of 
273 the maximum velocity (umax) in the flow fluid [37]. According to the simulation results, 
274 an iso-surface where the flow velocity equaled to 5% of umax could be used to identify 
275 the dead zone in the anodic flow field. As shown in Fig. 1e, the dead zone was mainly 
276 located around the edge of the cylindrical interior. Notably, a clear bulge appeared at the 
277 iso-surface near the electrode (Fig. 1e), indicating the inhomogeneous distribution of the 
278 velocity at the anode surface. Specifically, the flow velocity was closer to 0 mm/min in 
279 the projective region of the inlet at the electrode surface, while it gradually increased to 
280 more than 0.3 mm/min along the surface (Fig. 1f). On the other hand, the wmin at the 
281 electrode surface was only 0.26 mm/min, while the vc reached 43.1. The low velocity 
282 and its inhomogeneous distribution might result in the low availability of substrates, as 
283 well as the poor sensitivity to toxic shocks [14, 38]. Additionally, based on the results of 
284 CFD-post, the percentage of the dead zone in the flow field was up to 20.5%, which is 
285 detrimental to the recovery of an MFC-biosensor after a toxic shock due to the 
286 incomplete refreshment of anolyte [17]. Therefore, the configuration optimization is 
287 needed for the original MFC to improve its performance.
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288

289 Fig. 1 3-D CFD simulation of the anode flow field of the original MFC: (a) geometric model of the 
290 anodic interior, (b) generated mesh, (c) flow pattern in the anodic chamber, (d) velocity distribution 
291 on the symmetry plane, (e) iso-surface with a velocity of 5% umax, (f) velocity distribution at the 
292 electrode surface.
293 3.2 The effects of inlet/outlet settings and a serpentine flow field on the anodic flow 
294 field
295 Based on the hydrodynamic characteristics of the orthogonal design experiments 
296 (supplement material), it was notable that dp changed obviously among the different 
297 anodic configurations, indicating that the addition of baffle plates and the change of 
298 inlet/outlet positions are effective ways to decrease the proportion of dead zone. The 
299 impact of each optimizing factor on dp was further explored by range analysis and 
300 variance analysis (Table 1). From Table 1, the importance of all the factors on dp is 
301 LaLe>La>Lb>Gr>Le, and the determination coefficient (R2) of the model considering 
302 all the factors reached 0.999 based on the variance analysis. Among these factors, La, Lb 
303 and LaLe have significant effects on dp (p<0.05). Thus, an obvious interaction between 
304 La and Le on dp is confirmed. Previous research has reported that the asymmetric 
305 locations of inlet/outlet were conducive to the reduction of dead zone [21]. Our study 
306 further demonstrates that the reasonable combination of baffle plates and inlet/outlet 
307 locations can further decrease the percentage of dead zone. 
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308 Table 1 Results of range analysis and variance analysis.
La Le LaLe Gr Lb Model

Ka 4.6 0.5 7.3 1.4 2.7
Sig.b 0.001 0.623 0.041 0.180 0.019 <0.001

R2=0.999

dp

Rank LaLe>La>Lb>Gr>Le

Ka 0.09 0.74 0.98 0.23 0.50
Sig.b 0.920 0.049 0.949 0.686 0.277 0.056

R2=0.920

wmin

Rank LaLe>Le>Lb>Gr>La

Ka 3.7 14.5 18.7 3.1 1.3
Sig.b 0.184 0.001 0.546 0.390 0.840 <0.001

R2=0.998

vc

Rank LaLe>Le>La>Gr>Lb

Ka 0.16 0.07 0.30 0.08 0.05
Sig.b 0.002 0.041 0.015 0.089 0.337 <0.001

R2=0.992

hc

Rank LaLe>La>Gr>Le>Lb

309 aK is the range of a specific indicator under different levels of factors obtained by range analysis.

310 bSig. is the p-value for a certain factor obtained by variance analysis. Sig. < 0.05 is denoted as the significant level.

311 Anodic configurations also have an important influence on the flow velocity at the 
312 anode surface. LaLe is the main factor affecting the wmin at the electrode surface, 
313 followed by Le, and La is the last (Table 1). More than 92% of the total variance of wmin 
314 can be interpreted by the model containing all the factors, and Le has a significant 
315 impact on wmin. By adding two 20 mm × 20 mm × 2 mm baffle plates, wmin sharply 
316 increased from 0.26 mm/min to 1.00 mm/min while the vc dramatically decreased from 
317 42.5 to 28.0, suggesting that a serpentine flow field can improve the flow velocity at the 
318 anode surface as well as enhance the homogeneity of the velocity distribution. Previous 
319 studies have found that setting baffles can improve the efficiency of wastewater 
320 treatment bioreactors [39-42]. Our study further provides a visualization of the effect of 
321 baffles on a flow field and quantifies their influence on flow velocity, which probably 
322 contributes to the interpretation of the enhanced performance reported in the previous 
323 research. 
324 According to the orthogonal test results, the minimum dp was obtained at the 
325 fifteenth experiment while both the maximum wmin and minimum vc were observed at 
326 the eighth experiment. Therefore, a weighted method was introduced to calculate the 
327 comprehensive hydraulic characteristic hc and to obtain the optimal configuration. 
328 Detailed weighted calculation process is shown in Eq. (9), and a lower hc indicates that 
329 the anode hydrodynamics might be more favorable for the enhancement of MFC 
330 performance. As shown in Table 1, the order of the effects of the optimized factors on 
331 hc is LaLe>La>Gr>Le>Lb, and the model can explain 99.2% of the variation in hc. In 
332 addition, La, Le and their interaction have a significant influence on hc. Accordingly, the 
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333 optimal level of each factor was determined as La of 9.25 mm, Le of 20 mm, Lb of 7.5 
334 mm and Gr of -5 °, respectively.
335 3.3 The anodic fluid field of the optimal MFC
336 The anodic fluid field of the optimal MFC was visualized with the same CFD 
337 simulation parameters (Fig. 2). Different from the flow pattern in the original MFC, the 
338 main flux occurred along the baffles in the optimal MFC and an obvious flow 
339 acceleration was observed at the end of the baffles, which was in accordance with the 
340 previous studies [15, 43-46]. Due to the distinct flow pathway, the hydrodynamic 
341 characteristics of the optimal MFC were obviously different from those of the original 
342 MFC. Through the configuration optimization, dp decreased by 14.1% (from 20.5% to 
343 17.6%) and wmin increased by 334.6% (from 0.26 mm/min to 1.13 mm/min), while vc 
344 decreased by 24.8% (from 43.1 to 32.4). Moreover, the comprehensive hydraulic 
345 characteristic hc reduced to -0.04, indicating that the optimized configuration might be 
346 more favorable for the electricity generation and the biotoxicity detection of an MFC.
347 A few studies have reported that miniaturizing the anodic chamber or increasing 
348 the influent flow rate can improve the velocity at anode surface [22, 47]. However, an 
349 excessive small anodic chamber not only increases the difficulty of MFC fabrication, 
350 but also affects the effective area of PEM and the ratio between cathode to anode [48], 
351 which might cause deterioration to MFC performance. In this study, an alternative 
352 solution was proposed to solve this problem. Using a serpentine flow field and 
353 appropriate inlet/outlet settings, the flow velocity at the anode surface greatly increased, 
354 as well as the percentage of dead zone reduced. According to the kinetics of electrode 
355 process, a higher surface velocity can facilitate the migration of target substances 
356 (organic matter or toxicants) from anolyte into a biofilm [17, 18]. Thus, the MFCs with 
357 the optimal configuration are expected to deliver better electricity performance and 
358 higher sensor sensitivity towards water quality monitoring. 
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359

360 Fig. 2 3-D CFD simulation of the anode flow field of the optimal MFC: (a) geometric model of the 
361 anodic interior, (b) generated mesh, (c) flow pattern in the anodic chamber, (d) velocity distribution 
362 on the symmetry plane, (e) iso-surface with a velocity of 5% umax, (f) velocity distribution at the 
363 electrode surface.
364 3.4 The effect of the optimal configuration on MFC-Biosensor performance
365 To verify the above conjecture, two optimal MFCs and two original MFCs were 
366 constructed. Compared with the original MFC, La of the optimal MFC was changed 
367 from 12.50 mm to 9.25 mm, and two baffles both with a size of 20 mm × 20 mm × 2 
368 mm were inserted into the anodic chamber. Each baffle was 7.5 mm away from the 
369 carbon cloth and inclined to the electrode by 5° (Fig. 3). The cathode chambers and 
370 PEMs were identical in both types of MFCs.

371
372 Fig. 3 The 3D model of the anodic chambers with the original configuration (a) and the optimal 
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373 configuration (b).
374 The output voltages of the two type MFCs during the start-up process are shown in 
375 Fig. 4a. Notably, the MFCs generated obvious voltages after inoculation and the first 
376 voltage peak occurred in a very short time, testifying that S. loihica PV-4 can generate 
377 obvious current without the formation of biofilm [28]. With the enrichment of the 
378 anodic biofilms, the maximum voltages of all the MFCs in each batch gradually 
379 increased and finally stabilized after the fourth batch (the deviation of maximum 
380 voltages between two batches within 5%). However, obvious differences in the output 
381 voltages between the two type MFCs can be observed. The stable voltages of the 
382 optimal MFCs achieved 205.05.5 mV while those of the original MFCs were only 
383 166.58.3 mV, indicating that the electricity generation is enhanced after the 
384 configuration optimization. 
385 After the start-up process, all the MFCs were challenged with three types of toxic 
386 shocks, including 1 mg/L CTC, 1 mg/L AVM and 1 mg/L Hg[II]. The responses of the 
387 two type MFCs to various toxic shocks are shown in supplementary material. By 
388 comparing the CR values under the same toxic shock, it was noted that the optimal 
389 MFCs present higher sensitivity to detect biotoxicity than the original MFCs. 
390 Specifically, the CR values of the optimal MFCs reached 36.23.0% (CTC), 24.42.7% 
391 (AVM) and 32.95.5% (Hg[II]) while those of the original MFCs were only 25.51.2% 
392 (CTC), 16.73.2% (AVM) and 21.63.8% (Hg[II]) (Fig. 4b). Considering that the 
393 employment of CR to evaluate sensor sensitivity can eliminate the interference of 
394 baseline signal [8, 49], it was concluded that the configuration optimization can not only 
395 enhance the MFC electricity generation, but also enhance the sensitivity of MFCs to 
396 toxicants.

397
398 Fig. 4 Effect of optimal configuration on MFC performance: (a) evolution of MFC voltage during 
399 start up process; (b) CR values of different pollutants. (Black and red colors represent original and 
400 optimal MFCs, respectively.)
401 3.5 The biological mechanism of the enhanced performance with the optimal 
402 configuration
403 To explore the biological mechanism of the effects of optimal configuration on 
404 sensor performance, CLSM analysis was used to reveal the biofilm viability under a 
405 normal condition and its changes induced by a CTC shock. Biomass is an important 
406 factor influencing MFC current generation and it can be estimated by the integrated 
407 optical density (IOD) of green color (represents living cells) in CLSM image. Notably, 
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408 an obvious difference of IOD was observed between two type MFCs, and the IOD of 
409 the optimal MFC biofilm was 33.3% higher than that of the original MFC biofilm, 
410 indicating an increase in biomass density through the configuration optimization. 
411 Considering that the higher flow velocity and its better homogeneity at the electrode 
412 surface of the optimal MFC, it was concluded that higher biomass density and enhanced 
413 mass transport might lead to the superior electrochemical activity and a higher 
414 generated current in the optimal MFC (Fig. 4a) [19, 32]. 
415 On the other hand, the electrode surfaces were almost completely covered by alive 
416 bacteria under the normal condition [8, 29], and the average biofilm viability was 
417 similar for the original (95.30.7%) and optimal MFCs (95.11.9%) (Fig. 5a). 
418 However, a large number of dead bacteria appeared at the electrode surfaces after the 30 
419 min exposure to CTC, verifying the acute toxicity of CTC. Notably, the biofilm 
420 viability decreased by 25.67.1% after the CTC shock in the optimal MFCs, while it 
421 only dropped by 16.94.8% in the original MFCs (Fig. 5a). This phenomenon indicates 
422 that the effect of toxicant on biofilm viability is much larger in the optimal MFC. Thus, 
423 the optimal MFC delivers higher CRs and better sensitivity to toxic shocks (Fig. 4b).

424
425 Fig. 5 The effects of a CTC shock on biofilm viability: (a) total biofilm viability of the original and 
426 optimal MFC-Biosensors before and after a CTC shock; (b) the change of biofilm viability in each 
427 electrode region.
428 Furthermore, the spatial changes of biofilm viability decrease followed different 
429 patterns between the two type MFCs. For the electrode surface of the original MFC, the 
430 decreases of biofilm viability in the regions II and III were 17.83.2% and 20.01.6%, 
431 which were slightly higher than those in regions I (13.66.1%) and IV (16.36.1%) 
432 (Fig. 5b). This phenomenon is probably due to the fact that the higher flow velocity in 
433 the regions II-III (Fig. 1f). As for the optimal MFC, the largest decrease of biofilm 
434 viability was observed in region I (34.84.9%), where the highest flow velocity 
435 appeared (Fig. 2f). While in the rest regions of the electrode surface, as the surface 
436 velocity gradually declined from regions II to IV, the biofilm viability accordingly 
437 decreased to 26.17.1%, 19.44.1% and 22.15.2%, respectively (Fig. 5b). These 
438 results demonstrated that a higher flow velocity at the electrode surface is conducive to 
439 the permeation of toxicants into anodic biofilms and improves sensor sensitivity.
440 4. Conclusions 
441 In this study, the anodic flow field and hydrodynamic characteristics of a common 
442 dual-chamber MFC were analyzed via CFD simulations, and the optimal configuration 
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443 was obtained with orthogonal design. Compared with the original configuration, the 
444 percentage of dead zone reduced by 14.1%, while the flow velocity at electrode surface 
445 and its uniformity improved by 334.6% and 24.8% through optimization, respectively. 
446 Moreover, with the optimal configuration, the electricity generation and the sensor 
447 sensitivity enhanced by 23.1% and 46.1-52.3%, respectively. By the joint analysis of 
448 hydrodynamics and biofilm viability, the enhanced sensitivity was attributed to the fact 
449 that the improved flow velocity facilitates the permeation of toxicants into biofilms.
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